INTRODUCTION
In order to be seriously considered as an alternative in any project, an energy source must be easily characterized in terms of cost, both capital and unit energy cost. Historically, this has been a difficult hurdle for geothermal energy. Its costs vary with the depth and character of the resource, number of production and injection wells, and a host of other parameters. As a result, even in cases where developers are interested in using the geothermal, identifying its costs has been a cumbersome process. To address this problem, the Geo-Heat Center has developed a spreadsheet which allows potential users to quickly evaluate the capital cost and unit energy cost of accessing a geothermal resource.
Using resource, financing and operating inputs, the spreadsheet calculates the capital cost for production well ( s ) , well pump ( s ) , well head equipment, injection well ( s ) , and connecting pipelines. These capital costs are used along with the quantity of annual energy to be supplied and financing information to produce a unit cost of energy.
Unit costs for operation (maintenance and electricity) are added to arrive at a total unit cost in $ per million Btu for geothermal heat. To put this value into perspective, similar costs for an equivalently sized gas boiler plant are also calculated.
These values can then be compared to determine the relative economic merit of geother-mal for any specific set of circumstances.
This information is particularly useful at the conceptual stage of a project when decisions as to fuel source are typically made by the developers.
Cost data for geothermal systems was drawn primarily from past projects and vendor price data. Costs for well head piping and gas boiler equipment were taken from standard industry estimating guides (Means, 1994; Konkel, 1987; Khashab, 1984; Lienau, 1991) .
SYSTEM DESCRIPTIONS
The spreadsheet compares two basic approaches to producing heat: a geothermal system, and a gas boiler plant.
For the geothermal system, up to 3 production wells can be specified. Well casing is sized to accommodate a pump capable of supplying the required flow rate. Costs are included for drilling, casing, cementing, packers, bits and drill rig mobilization. An option is provided for open hole completion. 1 Wells can be equipped with production pumps at the users discretion. Pumps are assumed to be oil lubricated/lineshaft type and can be equipped with electronic variable-speed drives. The spreadsheet calculates the total pump head (including injection pressure if applicable), bowl size, number of stages, lateral requirements, column size and length, and all costs.
Well head equipment includes piping, check valve and shut-off valve along with electrical connections and accessories for the motor.
All of these items are assumed to be located in an enclosure.
Injection wells (up to 3) can be included in the system at the users discretion, along with a user defined casing depth. Cost components for the injection wells are similar to those described for the production wells; although, the drilling cost rates used for injection are higher than those used for production. This rate is 20% higher to allow for alternate drilling methods sometimes employed for injection wells.
Finally, piping connecting the production wells and injection wells to the building (or process) are included to complete the geothermal system. A 15% contingency is added to all major cost categories For the boiler plant costs are calculated for a cast iron gasfired boiler including: boiler and burner, concrete pad, breaching to flue, gas piping, combustion air louvers, expansion tank and air fitting, air separation, relief valve and piping, feed-water assembly, boiler room piping and shut-off valves. The spreadsheet is intended to compare geothermal to other conventional methods of supplying heat. A s a result, it focuses upon the heat source only. Costs necessary for interface with a specific use, such as a heat exchanger, fan coil units or distribution system are not included.
The Input and Primary Output screen appears in Figure 1 .
Peak Load (Btu/hr). Enter the peak heat requirement of the load to be served by the system. If the load is to be served by multiple heat sources, enter only the portion of the peak load to be served by the geothermal source.
Load Factor. Enter the load factor for load to be served by the system. This value is very important. It is used by the spreadsheet to determine the annual quantity of heat supplied (Load Factor * 8760 * Peak Load = Annual Energy). The load factor has a direct bearing upon the unit cost of energy. In the absence of other information, value of . heating, .18 -.28 for district heating and greenhouses, and .25 and above for industrial processes may be used as a starting point. The load factor should be the value appropriate to the only the geothermal portion of the system if the load is served by multiple heat sources.
.
Temperature Drop (OF). Enter the value of the AT for which the system will be designed at peak. This value is used to calculate the peak flow requirement which influences pump Most size, well sizes and pumping energy requirements. district heating and greenhouse systems are designed for a minimum of 35OF AT.
Electricity Cost ($/kWh) Enter the cost for electricity which would be applicable to the system well pumps for energy (kWh). This value is used in conjunction with Input # 5 to calculate the cost of pumping.
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Electricity Cost ($/kW) . Enter the cost for electricity w l would be applicable to the system well pump electrical dem; This value along with Input #4 is used in the calculatior pumping energy costs.
Interest Rate (as decimal). Enter the value for the intei rate which is applicable to the financing of the capital ( of the project. This value along with Input #7 is usec calculate the ownership cost of the system. Loan Term (yrs). Enter the value for the length of the :
term for the financing of the capital cost of the projc This value in conjunction with Input #6 is used to deterr the ownership costs of the system. Current spreadsheet limited to a 20-year loan term only.
Number of Production Wells. Enter the number of product wells to be used for the project. The maximum number production wells the spreadsheet can accommodate is 3. F current systems employ a single well if one is capable meeting system flow requirements. Spare wells are generz not included in geothermal systems. A second well shoulc considered for peak flow requirements in excess of 500 although direct use wells have been constructed to product to 2000 gpm in a few cases.
Depth (ft). Enter the depth of the production well or we: The spreadsheet assumes that if multiple wells are used, t all are the same depth. Cost factors used by the spreads1 are limited to depths of 3000 ft.
Temperature (OF). Enter the temperature of the fluid prod1 by the production well(s) . The temperature is used in calculation of pump thermal expansion and cost.
Hard Drilling Fraction (as decimal). Enter the fractior the well drilling which is expected to be associated with 1. rock.
The spreadsheet applies two different costs drilling: one for soft and one for hard drilling. Inputs and #12 must sum to a total of 1.0. A reasonable value many western resource areas would be 6 0 % hard drilling and soft drilling.
S o f t Drilling Fraction (as decimal). Enter the fractior the well drilling depth which is expected to be associi with soft materials. The spreadsheet applies two diffei costs to drilling: one for soft conditions and one for 1 rock drilling. Inputs #I1 and #12 must sum to a total of : Specific Capacity (gpm/f t) .
Enter the value for the production well(s) which is appropriate to the peak flow rate. Specific capacity is the peak flow for the well divided by the drawdown (static water level -pumping water level). The value is used to determine the depth required for the pump setting and the pump housing portion of the casing. Values for a specific capacity for existing direct use wells vary over a wide range. For wells producing from fractured basalt, values range from 3 to 20 gpm/ft. Much less data is available for wells producing from sand and gravel type sequences; but, values for these applications would likely be less than for fractured basalt. Enter the number of production well pumps to be used in the system. The spreadsheet calculates pump costs assuming the use of enclosed lineshaft turbine pumps.
17. Number of Variable Speed Drives (VSDs). Enter the number of variable speed drives to be used in the system. The spreadsheet calculates costs assuming the use of electronic variable frequency drives.
Space heating applications generally benefit from the use of a drive to reduce annual pumping energy. Industrial process and other high load factor applications may not require a drive.
18. Number of Injection Wells. The spreadsheet can accommodate up to 3 injection wells for a system. Entering a zero f o r the number of injection wells simulates the u s e of surface disposal.
19. Injection Well Efficiency. This value, entered as a decimal, is used to correct the specific capacity (entered for the production wells) to injection conditions. This factor is included in the input to account for the fact that in many installations, injection wells have been found to be less capable of accepting fluid than the production wells are at 5 20.
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producing fluid. The efficiency value is used in the calculation of injection pressure requirements. Injection Specific Capacity = Production Specific Capacity * Injection Well Efficiency.
Depth (ft). Enter the depth of the injection wells. If multiple injection wells are specified, the spreadsheet assumes that all are the same depth.
Static Water Level (ft). Enter the injection well static water level in feet. This value in conjunction with Input #19 is used to determine required injection pressure.
Casing Depth (ft). Enter the depth to which casing will be installed in the injection well. A conservative approach would be to assume that the casing depth is equal to the well depth.
Boiler Efficiency (as decimal). Enter the value for the overall boiler plant efficiency.
Natural Gas Cost ($/therm). Enter the unit cost of natural gas appropriate to the project. Most utilities price natural gas on a per therm basis with a therm equal to 100,000 Btu. The value is also equal to the older 11100 ft3" or CCF unit.
PRIMARY OUTPUT
1. Required Flow (gpm). This value is the flow rate required to meet the peak load specified (Input #1) at the temperature drop specified Input #3). If multiple production wells are specified, this value is divided equally among the multiple wells.
2. Production Well s ) . This is the capital cost calculated by the spreadsheet for the production well or wells. The basic procedure the spreadsheet uses is as follows. The required flow rate is divided equally among the specified number of production wells. A pump size is determined from the flow rate. A casing size (for the upper portion of the well) is calculated from the pump bowl size. A casing size for the lower portion of the well is calculated based on the flow rate. Pump housing casing depth is determined from the static water level plus the drawdown (at the required flow rate) plus an additional 40 ft. Drilling costs are based on hole sizes of 2 inches greater than the casing sizes. Drilling costs are divided into hard and soft values on a $ per inch diameter per foot of depth basis, and are adjusted according to whether or not open hole completion is specified. Cement costs are based on casing length. Drill bit costs are based on drilling depth. Rig mobilization is entered at a flat value of $2500. After the individual costs are summed, a 15% contingency factor is added.
3. Well Pump(s). This is the capital cost for the production well pump(s) specified. The procedure for sizing the pump is as follows. The required flow rate is divided equally among the number of pumps specified.
The pump bowl size is determined by the flow rate.
The total pump head is determined from the sum of the static water level, drawdown, an assumed 40 psi well head pressure, a 5 ft allowance for pump column friction and the calculated injection pressure. The number of stages required is based on the total head. The bowl assembly cost is based upon the size and number of stages.
In addition, a cost allowance for lateral (to accommodate thermal expansion) is added.
Column size is calculated based on the flow rate. Column length is based upon the static water level plus the drawdown (at the specified flow) plus 20 ft. The cost of a well head pedestal is added.
The motor horsepower is calculated from the required flow, total head and the calculated pump efficiency. This is corrected to a nominal motor horsepower for motor pricing.
These values are summed and increased by a 15% contingency factor to arrive at the pump cost appearing in the output.
4. Wellhead Equipment. This figure includes the necessary well head mechanical and electrical equipment along with an enclosure for weather protection. If a variable speed drive is specified, this item is included in the well head equipment.
5. Injection Well. The injection well costs are calculated in the same general manner as that described above for production wells. Injection well size is based upon the injection flow rate (required production flow + number"of injections wells) .
.
Pipeline. This is the cost of piping the geothermal fluid from the production wells to the facility and from the facility to the injection well. An allowance of 300 ft of pipe for both purposes is included in the spreadsheet. Costs are based upon the use of buried pre-insulated ductile iron material. Pipeline lengths are increased when multiple wells are employed.
7. Total Geothermal Cost. This is the sum of the individual cost items described above. It is the total cost of access to the geothermal resource.
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Boiler Plant Cost. This value is the cost of gas-fired boiler plant sized to meet the peak load specified in Input #l. The items included are: boiler and burner, concrete pad, breeching to flue, gas piping, combustion air louvers, expansion tank and air fitting, air separator, relief valve and piping, feed-water assembly, boiler room piping, and shut off valves.
Unit Capital Cost. This value for the geothermal system is determined by calculating the annual cost of the system based on a 20-year term at the interest rate specified in Input # 6 and dividing this value by the annual energy supplied (in million Btu).
The annual energy supplied is based upon:
(peak load * 8760 * load factor/1,000,000.
Unit Maintenance Cost. This value is the annualized cost of maintaining the geothermal system. It is comprised primarily of production well pump maintenance. Pump maintenance is based upon overhauls of the pump bowl assembly at 5-year intervals at a cost of 60% of capital cost. Pump replacement is assumed at 15 years. In addition, maintenance of the well head equipment is allowed for at a rate of 1.5% of capital cost.
Unit Electrical Cost. This value is the cost of pumping energy. It is based on the electrical cost input values (#4 and # 5 0 , and the pump efficiency and horsepower calculations made by the spreadsheet. the cost values shown assume a 12-month demand ratchet in the electric rate.
Total unit Cost. This value is the sum of the 3 individual unit cost items for geothermal. This unit cost assumes a 2 0 -year system life. In this regard, the cost is conservative in that most direct use systems have useful lives well in excess of 20 years.
Boiler Fuel Cost.
This value is the cost of gas heat attributable to the cost of fuel and boiler plant efficiency.
Equipment Unit Cost.
This value corresponds to the Unit Capital Cost for the geothermal system. It is the annualized cost of the boiler plant divided by the annual quantity of heat supplied.
Maintenance Unit Cost. This value is the annual cost of maintenance on the boiler plant divided by the annual quantity of heat supplied.
Total Unit Cost. This value is the sum of the 3 unit cost items above. It is the total unit cost for boiler supplied heat and directly corresponds to the total unit cost for geothermal.
17. Simple Payback. This value compares the difference in unit costs to the difference in capital cost. It is calculated by subtracting the boiler capital cost from the geothermal capital cost and dividing by the difference in unit costs times the annual energy supplied.
SECONDARY OUTPUT
The secondary output is divided into 3 columns, one for each of the possible wells (production and injection) which the spreadsheet can accommodate.
Each of the 3 columns is ' identical with the exception of the boiler equipment cost calculations appearing at the bottom of column 1. Secondary Output columns appear in Figure 2 .
Required Flow -The peak required flow (Primary Output) is divided by the number of wells specified in the input. The result appears here. If only a single production well is specified, this value will be equal to the required flow value appearing in the Primary Output.
Diameter Upper. This is the required nominal casing diameter to accommodate the pump necessary to produce the required flow rate.
Diameter Lower. This is the nominal casing size required for the lower portion of the well based on the required flow rate.
Depth Upper. This is the depth to which the upper casing size must be installed. It is based upon the static water level plus the drawdown plus 40 ft.
Injection Head. This is the value of the injection pump head which will be imposed on the system. It is added to the production well pump head. It is calculated by multiplying the input specific capacity by the input injection well efficiency and using this value along with the required flow to calculate an injection water level rise. Subtracting the injection well static water level from this value results in the net injection head (if any) required at the surface at the peak flow conditions. If the calculation yields a negative number (indicating a water level below the ground surface), the spreadsheet returns a 0 for injection head.
TDH. Total dynamic head for the well pump is the sum of drawdown + surface pressure (assumed at 90 ft + static water level + column friction (assumed at 10 ft) + injection head. Drawdown is calculated by dividing the required flow by the specific capacity specified in the input. Motor Efficiency 1. The spreadsheet calculates the efficiencies related to the well pump drive. The first, the motor efficiency, is the calculated efficiency of an electric motor sized for the application. This value is calculated using a formula incorporating values from manufacturer's data. If no variable frequency drive is specified in the input, this value is used as the basis for pump electrical consumption.
Drive Efficiency. If a variable frequency drive is specified in the input, the value for the motor efficiency calculated above is multiplied by 0.93 to arrive at a combined motor and drive efficiency.
Pump Column Diameter. Based on the required flow rate, the spreadsheet selects a column pipe diameter. Available sizes are 8 " , 6", 5" and 4 " nominal pipe size.
Pump Horsepower.
Pump horsepower is calculated based on the required flow rate, TDH, and efficiency calculated above. This is the brake horsepower for only well #l. If more than 1 well is specified, a separate horsepower is calculated for each well pump based on individual flow rates and pump heads.
Pump kW. This is the calculated electrical input required for the well pump. It is based on the pump horsepower and the drive efficiency calculated above.
Column Length. This is the distance between the well head (ground surface) and the top of the pump. It is calculated by adding the static water level + drawdown + 25 ft. This value is used in the calculation of the pump cost.
Line Size. This is the nominal size of the buried pipeline connecting the well head to the building or process which will be using the geothermal fluid.
Stages. The number of stages required in the production well pump to meet the required flow and calculated TDH. The calculation is based upon manufacturer's information on pump performance.
Pump Cost. This is the calculated cost of the pump (bowl assembly only). It excludes cost for accommodating additional lateral (discussed below) .
Lateral. This is the calculated cost for accommodating thermal expansion of the well pump shaft and column shaft. There are basically two methods of accommodating lateral. For relatively shallow pump settings and/or operation in low temperature water, the relatively small expansion can be accommodated by machining the bowls (impeller housings). For deep settings and/or operation in higher temperature wells, it is necessary to use extra lateral bowls (housings, specially cast for this purpose). The second approach is much more expensive.
The spreadsheet calculates the amount of shaft expansion and determines which approach is required. It then calculates the cost associated with the lateral allowance.
w llhead. This is the cost for the fitting which supports the motor and anchors the column to the surface. It also includes the fittings for adjusting tension on the shaft enclosing tube and admitting lubricating oil to the column shaft bearings.
Column Cost. The cost of the column is based on the used of enclosed lineshaft. Total cost is based on the column length calculated above and manufacturer's cost data for threaded material with 10 ft bearing spacing. Lines. The c o s t shown is that associated with the pipelines which deliver geothermal fluid from the production well to the building or process. Line size is based upon the required flow rate. Pre-insulated ductile iron material is assumed and an allowance of 300 ft of production lines is included.
Upper Drilling. This is the cost of drilling the upper portion of the well (pump housing). The depth of this interval is based on the "depth upper1! calculation above. Diameter is based upon the upper casing size plus 2 inches. Drilling costs for this and all subsequent calculations are evaluated according to drilling conditions and depth. Drilling conditions are Four characterized as either hard or soft conditions. different depth related costs are used. Costs employed in spreadsheet calculations are summarized in the table below. The spreadsheet uses the input values for percent hard and soft drilling to determine final costs. Cement Cost. This is the cost of the cement placed between the The cost is based on the length casing and the borehole wall. of casing installed and a cement cost of $11 per sack.
Spreadsheet Drilling Costs Assumptions' (All values in
Mobilization/De-mobilization. A flat value for mob/de-mob of the drilling rig is included at $2500. This figure is heavily influenced by the distance to the drilling site, and the size of the rig and equipment included. The figure used would be appropriate to a distance of about 75 miles or less. For greater distance, a higher value should be used.
Packers. The cost intended for packers is based on the construction of the well. If a single casing size can be used for the entire well, a value of $1500 is used; for a well incorporating 2 different casing sizes, a value of $3000 is used.
Bits.
The cost for drill bits is based on the depth of well drilled. A value of $1.67/ft of hole is used.
Total Production Well. The value shown is the sum of the well cost, cement, mob/de-mob, packers and bits calculations above. This value together with a 15% contingency factor appears in the primary output as the production well cost. If more than one production well is specified in the input, the value shown in the output is the sum of the total production well values for the number of wells specified.
Injection Lines. The value displayed is the nominal size for the buried lines which transport the geothermal fluid from the building or process to the injection well. The spreadsheet calculates the flow to the injection well(s) and determines which nominal size ( l o l l , 8 " , 6 " , 4 " , ,I1) is appropriate. The total system flow rate is divided equ'ally among the number of injection wells specified.
Injection Flow. The total system flow rate is divided equally among the number of injection wells specified in the input. The value shown is the result.
Injection Well Diameter. The spreadsheet decides between two injection well casing diameters based on injection flow rate. For flows greater than 400 gpm, an 8 " casing is used. For flows less than 400 gpm, a 6 " casing is used. The spreadsheet uses the same procedure for calculating the cost of the injection well as for the production well described above. The major departure from that procedure is in the unit cost of drilling. For the injection well cost calculation, the unit costs are increased by a factor of 25% to allow for increased cost of alternative drilling methods sometimes used for injection. The 25% is added in the well cost calculation below.
Casing. Injection well casing is priced on the same basis as the casing for the production well described above.
Well Cost. The value shown is the sum of the Cost 1, Cost 2, Cost 3 , Cost 4 and casing cost calculations above.
Cement. The cost for cement is based on 0.2 sacks per foot of casing and a cement cost of $11 per sack.
Packers. A flat value of $1500 is included for packers.
Bits. Drilling bit cost is calculated in the same way as described under the production well costs above.
Total Injection Well. This value is the sum of the well cost, cement, packers, and bit cost calculations above. This value along with a 15% contingency factor appears in the primary output on the injection well cost. If more than 1 injection well is specified in the input, the total injection well values for the number of wells specified are summed to arrive at the injection well figure in the primary output.
Lines. This is the cost for the buried pipeline to deliver the geothermal fluid from the building or process to the injection well. It is calculated in the same way as the production lines described above.
Injection Lines Total. This the total of the I1Linesf1 value for the number of injection wells specified in the input. If only 1 injection well is specified, the value will be equal to the lines value immediately above.
Unit Power Cost. The value shown is the unit cost of pumping the geothermal fluid in $ / l o 6 Btu based on the electrical energy rate specified in the input. The unit cost of pumping attributable to the demand rate is calculated separately. This cost is calculated according to the following: ((1,000,000/peak load)* pump kW * $/kWh)/0.8). The 0 . 8 value is to adjust the unit cost for lower efficiency which occurs at off-peak conditions. Unit Demand Cost. This is the cost of pumping associated with the electric demand rate. The calculation assumes a 12-month ratchet and is based upon the demand charge specified in the input. It is calculated according to the following:
(pump kW * la-rno/year * demand rate $/kW)/(8760 * load factor * peak load/1,000,000)
Annual Maintenance. The cost for maintenance is based upon: 1% of the capital cost of the wellhead equipment and well pump overhaul at 5-year intervals (at 60% of bowl assembly cost), pump replacement at 15-year intervals (including replacement of 25% of the pump column).
Annual Maintenance Cost. This value is calculated by dividing the Annual Maintenance value by the annual quantity of energy supplied by the system.
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